The cloning and characterization of the zebrafish orthologue of the mouse nude (Whn/Foxn1) gene, whnb are reported. A previously described Whn-like gene from zebrafish, now designated as whna, is shown to be the orthologue of the mouse Foxn4 gene. The whnb gene is specifically expressed in the thymic rudiment of zebrafish embryos at day 3 after fertilization, whereas the whna gene is expressed in eye and brain structures. whnb expression is maintained in cloche mutants, where endothelial and haematopoietic cell differentiation is defective, but absent in casanova mutants where endoderm formation is impaired. In adult thymi, whnb is expressed throughout cortical and medullary areas, whereas whna expression is observed in rare cell clusters only. Our results provide the first specific marker for the epithelial compartment of the zebrafish thymus. q
Results and discussion
The primary function of the thymus is to generate and select a highly diverse repertoire of T cells that exhibit self-tolerance and restriction to self major histocompatibility complex. Thymus development depends on reciprocal stromal-lymphoid interactions (van Ewijk et al., 1994) ; therefore, it can be disrupted by mutations affecting the differentiation of both the microenvironment (Boehm et al., 1995) and T cells (Kisielow and von Boehmer, 1995) . In the mouse, the formation of the epithelial thymic anlage in the third branchial pouch is the first morphologically defined step of thymus development. The prospective thymic epithelial cells express the Whn/Foxn1 gene (Nehls et al., 1996; Gordon et al., 2001) , the lack of which causes an arrest in differentiation and the failure of colonization by pro-thymocytes (Nehls et al., 1996; Blackburn et al., 1996; Bleul and Boehm, 2000) .
While teleosts share with mammals major lymphoid organs such as thymus and gut-associated lymphoid tissues, they do not possess lymph nodes or bone marrow; uniquely, fish maintain a major haematopoietic activity in the kidney. The fish thymus is an intraepithelial bilateral organ in the dorsoventral region of the gill chamber intimately associated with the pharyngeal cavity (Willett et al., 1997) . In contrast, in mammals, the thymus becomes completely embedded in mesenchymal tissue and migrates to the upper mediastinum where the two lobes eventually fuse.
Recent studies have indicated that early steps in lymphopoiesis of zebrafish are similar to mammals. For instance, expression of Ikaros, which is required for lymphocyte development in the mouse, has been detected at 24 h post fertilization (hpf) at sites of haematopoietic activity in the zebrafish embryo, and by 65-72 hpf in the thymus (Trede and Zon, 1998; Willett et al., 1997 Willett et al., , 2001 ). Later in development, expression of other genes characteristic of lymphoid differentiation becomes detectable in the thymus (reviewed in Willett et al., 1999; Trede et al., 2001) . While key steps of haematopoietic cell differentiation thus appear to be conserved between lower vertebrates and mammals, very little is known about the stromal components of the fish thymus in fish. In this paper, we report the isolation of the zebrafish orthologue of the mammalian nude (Whn/Foxn1) gene.
Whn-like genes in fish and mammals
We have previously isolated a homologue of the mouse nude/Whn/Foxn1 gene from zebrafish by cross-hybridization using a cDNA fragment spanning the DNA-binding domain as a probe (Schlake et al., 1997) . Subsequently, the fulllength cDNA sequence of this Whn homologue was isolated . This gene will be referred to as whna. As no expression of whna was detected in the embryonic thymus of zebrafish (see below), a polymerase chain reaction (PCR)-based approach using redundant primers covering part of the DNA-binding domain was utilized to isolate other Whn homologues in zebrafish. In this way, a second Whn-like gene was identified and designated as whnb.
Fig . 1A compares the derived protein sequences of human WHN/FOXN1, mouse Whn/Foxn1, and zebrafish (Danio rerio) and pufferfish (Fugu rubripes) whnb genes. The positions where introns interrupt the coding sequences are indicated, as are the phases of intron insertions with respect to codons. Several features of the zebrafish and fugu whnb genes suggest that they rather than the zebrafish whna (Schlake et al., 1997; and pufferfish whna (Schüdde-kopf et al., 1996; Schorpp et al., 2002) are the orthologues of human WHN/FOXN1 and mouse Whn/Foxn1 genes. The overall exon/intron organization of the fish whnb genes is identical to the mammalian genes (Fig. 1A) ; however, exons are shorter in teleosts, with the exception of exons encoding the DNA-binding domain. Comparison of the derived protein sequences of the DNA-binding domains shows that Foxn1 and Foxn4 homologues are clearly distinguishable (Fig. 1B) , which are also reflected in the structure of the phylogenetic tree derived from the complete protein sequences (Fig. 1C) . Using genomic BAC clones covering the whna and whnb genes (Schorpp et al., 2002) , and the genomic sequences available for Fugu rubripes (Fugu Genome Consortium, 2001 ), the nature of flanking genes was investigated. The fish whnb, but not fish whna genes are flanked by sequences homologous to the retinal gene 4 (Unc119), respectively (Fig. 1D) ; mammalian Foxn1 genes are also flanked by this gene , whereas this is not true for Foxn4 (Schorpp et al., 2002) . This similarity of short-range synteny further emphasizes the orthologous nature of fish whnb and mammalian Whn/Foxn1 genes. Interestingly, only a single copy of each of Foxn1-and Foxn4-like genes was discovered in zebrafish (based on extensive genomic hybridization screens and subsequent sequence analyses; Schorpp et al., 2002) and pufferfish (based on the first assembly of the complete genomic sequence; Fugu Genome Consortium, 2001). We conclude that the whnb genes represent the zebrafish and pufferfish orthologues of the mammalian nude/Whn/Foxn1 genes.
Expression of Whn-like genes
The expression domains of whna and whnb genes were determined during embryonic development and in selected tissues of the adult zebrafish by RNA in situ hybridization. During the formation and initial colonization by lymphoid cells of the thymic rudiment, whna is not expressed; rather, expression is observed in the developing eye and several other brain structures ( Fig. 2A ; Schorpp et al., 2002) . This early expression in the eye is compatible with previous observations for the mouse orthologue, Foxn4 (Gouge et al., 2001) .
In contrast, expression of whnb is detectable in the presumptive thymic primordium in the third branchial pouch as early as 72 hpf (Fig. 2B) ; up to 120 hpf, no other expression site was detected by whole-mount RNA in situ hybridization. Histological sections through the region of the thymic primordium indicate that the whnb-expressing cells form a tight cluster at the cranial roof of the third branchial arch, below the otic vesicle (Fig. 2C) . These experiments could not distinguish with certainty, whether whnb was expressed in the epithelial compartment of the thymic rudiment or possibly in early lymphopid thymic immigrants, which begin to colonize the thymus at about this time in development (Willett et al., 1997 (Willett et al., , 1999 . To distinguish between these possibilities, expression of whnb was analysed in mutants with specific developmental defects. cloche mutants are defective in endothelial and haematopoietic differentiation (Parker and Stainier, 1999) ; casanova mutants lack endodermal derivatives (Dickmeis et al., 2001; Kikuchi et al., 2001 ). The results shown in Fig. 2D -F indicate that while cloche mutants still express whnb (Fig. 2E ), no such expression was detectable in casanova mutants (Fig. 2F) . We thus conclude that whnb likely is expressed in the epithelial anlage of the early embryonic thymic rudiment and not in haematopoietic cells. This finding again highlights the similarity of the zebrafish whnb gene to the mouse nude/Whn/ Foxn1 gene, which is expressed in all thymic epithelial cells (Nehls et al., 1996; Bleul and Boehm, 2000) .
In order to corroborate these findings, we analysed the expression pattern of zebrafish whn genes in the thymus of 6-8-weeks-old zebrafish. At this age, the thymus shows a cell dense outer layer, and a more loosely packed inner area (Fig. 3A) . This is reminiscent of the cortical and medullary dichotomy in mammalian thymus. Two additional parameters were investigated to support this conclusion. First, the binding pattern of the lectin ConcavalinA (ConA) was determined. ConA stains mature T cells more strongly than immature thymocytes in the mouse thymus; in the zebrafish thymus, strong ConA reactivity was also seen in the presumptive medullary area ( Fig. 3B; cf. mouse thymus, in the inset). As the rearrangement of T cell receptor genes takes place in immature thymocytes, we determined the expression pattern of the recombination activation gene 1, rag1. In the zebrafish, rag1 expression is confined to the presumptive cortical area (Fig. 3C) . We conclude, therefore, that the zebrafish thymus, like that of mammals, consists of cortical and medullary areas, containing immature thymocytes and mature thymocytes, respectively. We note that the cortex is located in close proximity to the pharyngeal cavity. whnb is expressed in the cells of the entire thymus, with no obvious difference between cortical and medullary areas; again, this pattern of expression is reminscent of the mouse Foxn1 gene (Nehls et al., 1996) . whna is also expressed in the adult thymus; however, the expression is confined to individual spots of cell(s) (Fig. 3E) , the identity of which has not been investigated further. whnb but not whna is also expressed, albeit weakly, in the skin and in epithelia of the larynx (data not shown), further substantiating the similarity in expression patterns between whnb and mouse nude/Whn/Foxn1.
The zebrafish is rapidly gaining popularity as a convenient model organism to study the genetic basis for developmental processes in vertebrates. Its potential use for the analysis of the lymphoid system has been suggested by the description of mutants with defects in thymus development (Trede and Zon, 1998; Schorpp et al., 2000) although the responsible genes have not yet been identified. The results reported here underscore the genetic and functional similarities of early thymopoiesis between mouse and zebrafish. Our study contributes the first specific marker of the thymic epithelial compartment of the zebrafish.
Materials and methods

Isolation of whnb
The whnb gene was isolated by three rounds of nested degenerate PCR as follows: 50 ng of zebrafish genomic DNA was amplified in a total volume of 20 ml containing were eluted from a native 5% PAA gel, cloned into pBluescript SK II (Stratagene) and sequenced using M13-20 and reverse primers. One novel sequence corresponding to the peptide WKNSVRHNLSL was obtained from which primers specific for the presumptive whnb gene were derived for RACE PCR to establish the sequence of the complete coding region (Fig. 1A) . The obtained cDNA sequence was verified by comparison with genomic sequences from bacterial artificial chromosome (BAC) clones. BACs and P1 based artificial chromosomes (PACs) were purchased from Incyte Genomics (Palo Alto, CA). They were isolated by hybridization using cDNA probes spanning the total cDNA without the 3 0 -UTR but including about 500 bp of the 5 0 -UTR (whna) and exons 2-6 (whnb), respectively. A total of three BACs for whna and six BACs/ 10PACs for whnb could be identified. The exon/intron structure of whnb was determined by sequencing PCR fragments generated with primers derived from the cDNA sequence. Fragments longer than 1.5 kb were generated with the Expand Long Template PCR System (Roche). The presence of retinal gene 4/unc-119 on BACs and PACs was verified by hybridization of BAC and PAC DNA under conditions of low stringency with a mixture of two murine probes spanning the last two exons of the mouse retinal gene 4/unc-119 gene, respectively, and by PCR with specific primers derived from the zebrafish homologue of this gene. To obtain these zebrafish retinal gene 4/unc-119 sequences, PCR on zebrafish genomic DNA was performed with degenerate primers derived from the peptides VEFTVG and NNFRMIERH in mouse retinal gene4/unc-119 exon 4 and VMHNKADY in mouse retinal gene 4/unc-119 exon 5. PCR conditions were the same as described above. The resulting fragment was directly sequenced and, as expected, spanned the exons corresponding to mouse exons 4 and 5 including the intron in zebrafish retinal gene 4/unc-119. The resulting sequence showed no ambiguities indicating that only one copy of retinal gene 4/unc-119 is present in the zebrafish genome.
RNA in situ hybridization
Whole-mount in-situ hybridization was carried out as described by C. Thisse and B. Thisse in the Zebrafish Book (Westerfield, 2000) , with MBS (100 mM maleic acid, pH 7.5, 150 mM NaCl) instead of phosphate-buffered saline (PBS) as the basis of antibody incubation solutions. To stop the staining reaction, embryos were washed twice with phosphate-buffered saline and Tween-20 (PBST) and fixed overnight in 4% phosphonoformatic acid (PFA) at 48C. After washing with PBST, they were transferred into 80% glycerol for examination and photography. For sectioning, embryos were dehydrated through a series of ethanol washes (30%, 50%, 70% 90% and 96%, 15 min each). After 30 min in isopropanol, they were transferred into isopropanol/paraffine 1:1 mixture and kept for 1 h at 608C. Isopropanol was evaporated by incubation at 608C. The paraffin was then exchanged and the embryos were embedded. Sections (5 mm) were stained with fuchsin.
For RNA in situ hybridization with 33 P-radio-labelled probes, paraffin sections were dewaxed with xylol, washed with isopropanol and rehydrated through an ethanol series. After HCl treatment (5 min in 0.2 M HCl) and washing in H 2 O, they were incubated at 708C in 2 £ SSC for 20 min. After washing again in H 2 O, slides were digested with pronase (100 ng/ml in 50 mM Tris pH 7.5, 5 mM ethylenediaminetetraacidic acid (EDTA)) for 7 min at room temperature (RT). Digestion was stopped with 0.1 Glycin in PBS. After washing in PBS, sections were refixed in 4% PFA in PBS, washed in PBS and acetylated in 0.25% acetic acid anhydride in 0.1 M triethanolamine. Slides were washed again, dehydrated and air dried. Probes were hybridized in a humid chamber at 508C overnight in hybridization buffer (50% formamide, 10% Dextransulfat, 1 £ salts (1% Denhardts solution, 5 mM EDTA, 0.01 M NaPO 4 pH 6.8, 0.01 M Tris/HCl pH 6.8, 0.3 M NaCl), 1 mg/ml yeast RNA and 1 mM uridine triphosphate (UTP)). Slides were washed twice in 1 £ salts/50% formamide at 558C for 2 h, respectively, and incubated for 15 min in 1 £ TNE (0.5 M NaCl, 10 mM Tris/HCl pH 7.6, 1 mM EDTA) at 378C. Sections were then treated with RNAse T1 (40 units/ml) and RNAse A (20 mg/ml) in1 £ TNE for 30 min at 378C. RNAse was washed off with 1 £ TNE at 378C for 30 min. Slides were washed again for 30 min in 2 £ SSC and for 1 h in 0.5 £ SSC at 658C, respectively. Slides were then dehydrated and air dried. For autoradiography, slides were dipped in Kodak NTB-2 emulsion diluted 1:1 with H 2 O, exposed for 3-4 weeks, developed in Kodak D-19 solution, counterstained with haematoxylin/eosin and photographed. The whna probe corresponds to a cDNA fragment spanning the entire coding region without the 3 0 -untranslated region (UTR) and including about 500 bp of the 5 0 -UTR; the whnb probe is a cDNA fragment spanning exons 2-7; the rag-1 probe corresponds to nucleotides 2519-4041 in accession number U71093.
Lectin staining
Paraffin sections were dewaxed with xylol, washed with 96% ethanol and transferred in 70% ethanol. After washing them with H 2 O, endogenous peroxidase was blocked by incubation with 1% H 2 O 2 in H 2 O for 15 min. Slides were washed again, boiled for 10 min in fresh citrate buffer (1.5 mM citric acid, adjusted to pH 6.0 with 100 mM sodium citrate) and cooled to RT. Slides were washed three times with PBS and incubated for 1 h with biotinylated Concanavalin A (Sigma, diluted 1:2500 in PBS/1% normal goat serum) at RT in a humid chamber. After three washing steps with PBS, slides were incubated with streptavidin/ HRP (Dako) and stained with DAB. After washing the slides with H 2 O, they were counterstained with haematoxylin.
